Abstract
Introduction

24
The number of large scale solar heating plants for district heating increased very fast in Europe during 25 the last couple of years, especially in Denmark [1] , [2] . More than 70% of large scale solar heating plants for 26 district heating around the world are constructed in Denmark so far [3] . Most of the collectors in the existing 27 plants are flat plate collectors. Due to collector heat losses, the efficiency of flat plate solar collectors is 28 significantly lower at operation temperatures of 85°C-95°C compared to the efficiency at temperatures of 29 40°C-60°C. Parabolic trough collectors typically have a low heat loss coefficient and are therefore less 30 affected by the operation temperature level of the collectors. Parabolic trough collector is the most used 31 technology currently among solar concentrating power collector technologies [4] . Parabolic trough collectors 32 are mainly used for electricity production at temperatures of 200-400°C so far [5] , [6] . Industry process 33 temperatures found in industrial processes are manifold, ranging from low (T<100ºC), medium (100ºC < T < 34 250ºC) to high (T > 250ºC) operating temperatures [7] . Parabolic trough collector is also suitable for these 35 temperature ranges [7] . More and more parabolic trough collectors have been employed in the industry 36 process heat production in the recent years [6], [8]- [11] . Most small scale parabolic trough heating plants are 37 applied for industry processes using glycol/water as heat transfer fluid in recent years [7] . Parabolic trough 38 collector also can be used with advantage operated at temperature range 85-95°C in solar district heating 39 plants. The feasibility of parabolic trough collectors in large scale solar heating plants for district heating has 40 been validated in the pilot Thisted plant in Denmark in 2013 [12] . A pilot solar collector system with flat Tables 1 and 2 show 111 the geometrical parameters of FPC and PTC separately [13] [35] .
112
TRNSYS model based on quasi-dynamic method
113
A flat plate collector field and a parabolic trough collector field model were established in TRNSYS [36] . 114
In the flat plate collector field, heat exchanger unit, shadows and pipes are included. The collector arrays 115 consist of collectors connected in series and in parallel. There are two kinds of flat plate collector 116 with/without FEP foil between absorber and cover glass used in the flat plate collector field. The flat plate 117 collector field has 39 rows in parallel. 6 FPC collectors without foil in series and other 6 FPC collectors with 118 foil in series in average were used in each row. In the parabolic trough collector loop, shadows, supply pipes 119 and return pipes of the solar collector field are taken into consideration. The thermal performance of the total 120 collector array is determined by the number of modules in series and the characteristics of each module. The 121 numbers of modules per row of both FPC and PTC are 12 and 10, respectively. The discretization in the 122 modelling is done inside the collector and pipe models used. Each collector array is discretized with nodes.
123
The solar collector field model can simulate an array of identical solar collectors hooked up in series. The 124 number of nodes is used to specify how many collectors are hooked up in a series arrangement (outlet of first 125 collector = inlet of second collector, etc.) for each parallel flow loop.
126
The type 1290 is used to simulate thermal performance of both parabolic trough collector and flat plate 127 collector field. The Type 1290 is based on EN12975-2 Dynamic Efficiency Approach (ASHRAE IAMs) [37] .
128
The solar collector model equation is given as follows, 
Validation
179 Section 5.1 shows dynamic comparisons of measured and modelled performance of the flat plate 180 collector field and the parabolic trough collector field in a cloudy and a sunny day. Section 5.2 illustrates 181 daily and monthly comparisons of measured and modelled performances based on the quasi-dynamic model.
182
The time step of all the calculations is 1 minute. Inlet temperature and volume flow rate of both the FPC and 183 the PTC field in simulation are taken from the measurements from the Taars plant. 
Sunny day (May 7 of 2016) 192
As shown in field is longer than that of the FPC field. In the sunny day, the flow rate of PTC field was almost constant.
197
The volume flow rate of the FPC field varied with the solar radiation and was largest at noon. of the PTC field was a bit higher before and after noon. That was because of tracking the sun. It also can be 211 seen in Fig. 7 that there was an increase of power output after sunset. That was due to discharge of the heat 212 stored in the receiver. The low heat losses of the parabolic trough collectors means that this can be done even 213 after sunset. It is also found that the outlet temperature of the PTC field is relatively constant, which is very 214 important for the hydraulic balance of the district heating network. The total solar radiation on the tilted flat plate collector was larger than that on the horizontal surface. The 220 largest total radiation on the tilted solar collector in short periods exceeded 1200 W/m 2 . On the cloudy day, 221 the flow rates of both collector fields fluctuated along with the solar radiation. The modelled and measured power outputs had very similar fluctuation trends.
226
2) PTC field on the clouy day 227 Fig. 11 shows measured inlet and outlet temperature and simulated outlet temperature of the PTC field 228 in August 14, 2016. Fig. 12 shows the measured and modelled power output of the PTC field on a cloudy 229 day (August 14, 2016). The maximum of power output in August 14, 2016 was higher than 500 W/m 2 . The 230 modelled power output has almost the same fluctuating change as the measured power output.
231
The daily energy output of the FPC and PTC fields are shown in Fig. 13 shows that the measured and the modelled thermal performances are strongly linear related. 243
Overall, the modelled results have a fine match with the measured data. The max daily solar heat production 244 of the flat plate collector field was below 5 kWh/m 2 /day.
245
As shown in Fig. 14 , the flat plate collector field produced small heat quantities in November -January.
246
The FPC field produced more and more heat from January to April. The FPC field produced more than 50 247 kWh/m 2 in April. The measured and simulated monthly solar heat productions show a good agreement from 248
Sep.2015 to Aug.2016. values. Due to the oversized flat plate collector field and low heat load in the summer, the parabolic trough 255 collector field was defocused on several sunny days in the summer. Therefore, only thermal performances of 256 the parabolic trough collector field without defocusing during the period from Sep.2015 to Apr.2016 was 257 presented in this section to verify the TRNSYS model. The maximum daily thermal performance of the 258 parabolic trough collector field can be higher than 5 kWh/m 2 /day, while the max daily thermal performance 259 of the flat plate collector field is below 5 kWh/m 2 /day. The thermal energy output of both the flat plate 260 collector field and parabolic trough collector field in November, December, January is quite low because of 261 the low solar radiation in winter. From February, the thermal energy output of the parabolic trough collector 262 array increased dramatically because of more sunny days and the PTC field produced more solar heat than 263 the FPC field.
264
Discussions 265
The flat plate collector field preheats return water from 45°C up to 70°C, and then the preheated water is 266 heated to 95°C by the parabolic trough collector field in the Taars plant. The design strategy that the PTC 267 field produces the high temperature water also guarantees that the FPC field has better performance and 268 higher efficiency due to relatively low operation temperature compared to normal flat plate collector fields.
269
In addition, section 5 shows that the TRNSYS models of the FPC field and the PTC field have quite good 270 agreement with measurements. The PTC field was defocused sometimes in the quite sunny days in summer 271 (May -August) because the flat plate collector field was oversized and the heat load of the district heating 272 networks in summer was low. 
